This report estimates the market size and energy consumption of mobile off-road applications utilizing hydraulic fluid power, and summarizes technology gaps and implementation barriers. Mobile fluid power is the use of hydraulic fluids under pressure to transmit power in mobile equipment applications. The mobile off-road fluid power sector includes various uses of hydraulic fluid power equipment with fundamentally diverse end-use application and operational requirements, such as a skid steer loader, a wheel loader or an agriculture tractor. The agriculture and construction segments dominate the mobile off-road fluid power market in component unit sales volume. An estimated range of energy consumed by the mobile off-road fluid power sector is 0.36 -1.8 quads per year, which was 1.3% -6.5% of the total energy consumed in 2016 by the transportation sector. Opportunities for efficiency improvements within the fluid power system result from needs to level and reduce the peak system load requirements and develop new technologies to reduce fluid power system level losses, both of which may be facilitated by characterizing duty cycles to define standardized performance test methods. There are currently no commonly accepted standardized test methods for evaluating equipment level efficiency over a duty cycle. The off-road transportation sector currently meets criteria emissions requirements, and there are no efficiency regulations requiring original equipment manufacturers (OEM) to invest in new architecture development to improve the fuel economy of mobile off-road fluid power systems. In addition, the end-user efficiency interests are outweighed by low equipment purchase or lease price concerns, required payback periods, and reliability and durability requirements of new architecture. Current economics, low market volumes with high product diversity, and regulation compliance challenge OEM investment in commercialization of new architecture development. Tables   Table 1. 
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Executive Summary
This report estimates the market size and energy consumption of mobile off-road applications utilizing hydraulic fluid power, and summarizes technology gaps and implementation barriers. The objectives of this study were to:
• Estimate the current size of the mobile off-road hydraulic fluid power market, the respective energy consumption.
• Understand the sources and scale of mobile off-road hydraulic fluid power system inefficiencies and the technology gaps.
• Identify market barriers for implementing new technologies within the mobile off-road hydraulic fluid power market.
The mobile off-road market comprises construction, agriculture, material handling, oil and gas, and mining segments. Mobile off-road equipment incorporating fluid power includes an extremely wide range of different types of equipment, system architectures, per-unit fuel consumption, and operating conditions. Therefore, it is difficult to comprehensively estimate the energy consumed, quantify average system efficiencies and project high level impact of technology improvements in terms of energy reduction. A lower bound of energy consumption was referenced from a previous study where industry data were used to estimate system efficiency and energy consumption (Love et al. 2012) . A baseline system efficiency average for construction and agriculture equipment was based on OEM feedback, and the upper bound of energy consumption was estimated from fuel consumption data sourced from the U.S. Environmental Protection Agency's MOtor Vehicle Emission Simulator (MOVES) model. The key findings of the current study include:
• The construction and agriculture segments accounted for 75% of the mobile off-road hydraulic fluid power market based on component unit sales in 2014.
• The energy consumption range of fluid power systems within the mobile off-road industry was 0.36 -1.8 quads per year, which is 1.3% -6.5% of the energy consumed by the transportation sector (27.8 quads of energy) in 2016.
Key areas requiring fundamental research in the mobile off-road fluid power market include:
• New technology development to reduce fluid power system level inefficiencies
• New architectures to level and reduce the peak system load requirements
• New technology to increase power density of stored energy
• Development and evaluation of hydraulic fluid and component optimization 
Mobile Fluid Power
Mobile fluid power uses hydraulic fluids under pressure to generate and transmit power in mobile equipment applications. Mobile machinery operated by fluid power includes a wide range of applications in industry. Fluid power systems are combined with other power transmission, such as mechanical or electrical, and quickly transmit power of high force and torque, even at low speeds.
Energy Use and Efficiency Study
Off-road vehicles accounted for 8% of the total energy consumed in the U.S. transportation sector, compared to 21% by heavy-duty on-road vehicles and 55% by light-duty passenger cars and trucks (Oak Ridge National Laboratory 2016a). The VTO sought to increase knowledge of the off-road vehicle segment as their recent focus concentrated more strongly in on-road segments with greater impact to the total transportation energy consumption. The National Renewable Energy Laboratory (NREL) supported the VTO by conducting a high-level study to inform the DOE of the current status of the commercial off-road fluid power systems market and identify areas of low technology readiness levels for potential early-stage research needs. An earlier report, Estimating the Impact (Energy, Emissions and Economics) of the U.S. Fluid Power Industry, was a collaborative effort of Oak Ridge National Laboratory (ORNL) and the National Fluid Power Association (NFPA) to identify the order of magnitude of energy consumed by the fluid power industry (Love et al. 2012) . The ORNL report is the most comprehensive study of fluid power systems for commercial off-road vehicles conducted to date and was often used as a baseline for NREL's analysis. In addition, NREL hosted a Mobile Fluid Power Workshop in Golden, Colorado, on September 12, 2017, where 55 attendees from industry, research and academia, and DOE national laboratories participated in facilitated discussions to understand the current state of art of the industry and identify early stage, precompetitive research needs for efficiency improvement. Original equipment manufacturers (OEM), Tier 1 suppliers and integrators, universities, industry trade groups, and DOE national laboratory researchers all provided input that identified efficiency opportunities and necessary low technology readiness level research needs. 
Mobile Off-Road Fluid Power Market
The mobile off-road market comprises construction, agriculture, material handling, oil and gas, and mining segments. Mobile off-road equipment incorporating fluid power includes an extremely wide range of types of equipment, complexity, sizes, population, duty cycles, end uses, and per-unit fuel consumption. In addition, each piece of equipment may include several unique fluid power subsystems (Stelson et al. 2017) . Therefore, it is difficult to comprehensively estimate the energy consumed, quantify average system efficiencies, and project the high-level impact of technology improvements in terms of energy reduction.
The mobile off-road hydraulic fluid power segment made up 67% of hydraulic component units sold in 2014 and included construction machinery, agriculture machinery, material handling machinery, oil and gas machinery, and mining machinery (NFPA 2015) . Construction and agriculture applications dominate the market segment and together account for 75% of the mobile off-road hydraulic component unit sales. Therefore, the largest opportunities for mobile off-road fluid power market efficiency improvements are likely within the agriculture and construction machinery sectors, which is consistent with the 2012 ORNL report based on similar data from industry partners of the NFPA (Love et al. 2012) . 
Energy Consumption of the Mobile Off-Road Fluid Power Market
Mobile off-road equipment using fluid power includes an extremely wide range of technologies and architectures with different end uses and per-unit fuel consumption rates. In addition, most efficiency, fuel consumption rate, and hours of operation data for the fluid power component, subsystems and systems are proprietary information or unmeasured. An average system efficiency estimate that included engine efficiency was 30% for construction and agriculture machinery as provided by an OEM, who wishes to remain anonymous. This is an improvement compared to the 21.1% average efficiency in mobile hydraulic applications previously estimated in the ORNL report. 2 Unfortunately, it is difficult to comprehensively estimate the energy consumed by the entire mobile fluid power market; therefore, this task was approached by bounding the energy consumption between upper and lower bound estimates using different approaches.
Upper Bound Assessment of Energy Consumption
Based on off-road transportation fuel consumption data from the U.S. Environmental Protection Agency's (EPA's) MOtor Vehicle Emission Simulator (MOVES) MOVES14a model agricultural, construction, mining, industrial and logging equipment consumed 1.967 quads of diesel, gasoline, and liquefied petroleum gas (ORNL 2016b). The 0.0188 quads consumed by compressed natural gas industrial equipment is assumed to primarily drive terminal tractors with no significant fluid power use and was therefore discounted from the total fuel consumption. As the construction, mining and industrial equipment breakout included some non-mobile uses, such as drill rigs and cranes, 5% of the 1.967 quads was removed to deduct those uses. The results were approximately 1.87 quads of energy consumed in a year for mobile off-road applications that utilize fluid power. According to an agricultural and construction equipment OEM who wishes to remain anonymous, most of these applications utilize over 95% of fuel for fluid power, with the exception of agricultural tractors (tractors may apply between 5%-60% of the fuel for fluid power use, depending on what implements are utilized). As an upper bound estimate, this study therefore assumes 95% of the agricultural, construction, mining, industrial and logging equipment fuel used in the United States is consumed in powering fluid power systems (versus other use, such as mechanical transmission traction drive). This results in a net of 1.78 quads applied to mobile fluid power. As this is a broad assumption due to the difficulties of comprehensively estimating the energy consumed across such a wide and diverse market, a rounded number of 1.8 quads per year was used as an approximate estimate for the upper bound of fuel consumed by the mobile off-road fluid power sector. 
Lower Bound Assessment of Energy Consumption
The analysis conducted by ORNL and the NFPA determined an energy consumption of 0.36 quads of energy per year for the same mobile off-road market segment. The energy consumption was based on measured agriculture and construction technology data provided by OEMs and was divided by the market size. The measured data included population, fuel consumption rate, vehicle class, operating hours, percentage of power to hydraulics, and overall system efficiency. The two industry segments consumed 0.25 quads of energy, which was divided by 69% to account for the entire mobile market (Love et al. 2012) . No alternative data was found to compare the same level of detail; therefore, the resulting 0.36 quads of energy consumed per year from the study is still a reasonable lower boundary.
Therefore, the energy consumption range of fluid power systems by the mobile off-road industry is estimated between 0.36 -1.8 quads per year, which is 1.3% -6.5% of the energy consumed by the transportation sector (27.8 quads of energy) in 2016 (ORNL 2016a). 
Sources of Mobile Fluid Power System Inefficiencies
The primary components in mobile fluid power system architecture include the power source (engine) and the hydraulic drive system, which is generally comprised of a pump, valves for throttling pressure and flow, and hoses and pipes for fluid transfer and hydraulic actuators. Each component experiences individual losses, and there are parasitic losses from the power source as well (see Figure 6 ).
Architecture Inefficiencies
Most mobile equipment using fluid power has a single pump that drives several outputs. The load demands of these outputs vary significantly with the duty cycle. The peak load requirement of flow and pressure of the highest demand output component (usually the hydraulic motor and/or actuating cylinder) provides the pump demand resulting in the greatest load requirement dictating the engine and pump operation, even if most of the other output components do not need as large of a power supply. It is common for pumps to have a high efficiency at peak load, approximately 85%-90%, but their efficiency will drop to 40%-50% at low-load operating conditions. When the available hydraulic power exceeds demand during operation, the hydraulic control and distribution system normally use throttling valves to dispose unneeded pressure and flow before feeding the lower load output components. This valve throttling strategy results in the largest source of inefficiency, dumping energy as waste heat. 
Operator Inefficiencies
Operator control and feedback are critical to many of the mobile equipment applications, such as excavators, and the hydraulic control system/haptic feedback is very complex. This directly impacts equipment effectiveness, productivity, and efficiency on the jobsite. Operators expect consistent and quick response to input controls, such as hydraulic motor output and actuating cylinder output, and most hydraulic systems cannot respond quickly enough to ramp up power only as load demand is encountered. The input control systems operate with high pressures and reserve flow capacity. As a result, operator control requirements with current system architectures are inherently inefficient, trading off energy efficiency for equipment effectiveness and time efficiency.
Barriers of Efficiency Improvements

Architecture and End Use Diversity
Due to the large variation in mobile fluid power equipment in the off-road market and the unique fluid power subsystem architectures, end uses, versatility, and operating conditions, system efficiency improvements generally require an application-specific evaluation and solution.
Although common sources of inefficiencies in the typical architectures that have been identified, a single solution that can broadly improve efficiency across the entire mobile fluid power sector is not likely. Therefore, each architecture and operating condition set requires a large amount of resources to identify the highest source(s) of efficiency losses and develop a unique solution for improvement. As most applications have low volumes of specific types equipment, OEMs usually cannot justify the costs to develop and commercialize such individual solutions. Industry consensus is that equipment with high energy consumption, such as excavators and wheel loaders, could merit investment for efficiency improvements as they consume a lot of fuel and have high annual operating hours. A modular and/or scalable solution that could be implemented in multiple pieces of equipment, spreading development costs across the market would greatly benefit the industry.
Measuring Performance
The diverse application and versatility of use of equipment utilizing fluid power result in multiple modes of operation. These various modes of operation make it difficult to standardize testing as well as to compare and measure performance of the fluid power systems, components, and fluids. Industry consensus is that the current low specific equipment type volumes and the large diversity prove to be too costly to dedicate resources in characterizing all the duty cycles. Quantifying the actual work performed is non-trivial, as aspects like characterizing the composition of and resistance in moving soil is challenging. In addition to the high volumes of varying duty cycles, instrumentation of a fluid power system downstream of the engine is challenging as most of the parameters that require monitoring are within operating components (for example, the fluid properties inside of the cylinder) where instrumentation techniques require further development. While many component and subsystem level design and testing standards exist (see Appendix A), there are currently no commonly accepted standardized test methods for evaluating equipment level efficiency over a duty cycle. Understanding the statistical significance of measured differences is also an area of need related to performance validation, as there have not been enough data collected to determine the significances to date. Without these initial parameters of duty cycle characterization, measurement of performance technique and understanding of variances, a baseline methodology to compare performance at system, component, and fluid levels cannot be defined.
Customer Acceptance
Mobile off-road technologies must comply with criteria emission regulations as a function of engine power output (currently EPA Tier 4), but there are no key regulatory drivers for developing and adopting new technologies to increase efficiency for fluid power systems. In addition, common customer payback requirements of investing in new technologies must be less than 18 months for the costs to be justified. Traditional customer culture is also hesitant in adopting new technologies because they want to avoid perceived reliability and durability risks associated with early adoption. Another large potential barrier is the disconnect of fuel operating cost for end users from purchasing decisions by equipment leasing companies (especially prevalent in the construction industry).
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Conclusions
The DOE's VTO support of early-stage research and development of sustainable transportation technologies to ensure energy dominance in the United States requires the improvement of vehicle efficiencies, reducing dependency on imported resources, and reducing pollution. The mobile off-road fluid power market currently consumes approximately 0.36 quads to 1.8 quads of energy per year. This potentially accounts for 1.3% -6.5% of the energy consumed by the entire transportation sector per year.
The mobile off-road fluid power sector includes a wide range of hydraulically powered equipment, with diverse and versatile operating conditions, and varying per unit fuel consumption rate. Based on 2014 hydraulic power component unit sales of off-road construction, agriculture, material handling, mining, and oil and gas equipment, the agriculture and construction segments dominate the mobile off-road fluid power market by volume.
A study conducted by ORNL and the NFPA estimated a lower bound of the energy consumed by mobile fluid power systems of 0.36 quads as calculated from data provided by industry. Estimates of fuel consumed by the mobile off-road fluid power market from the EPA MOVES model provided an upper bound estimate of annual energy consumption of 1.8 quads. Therefore, the range of energy consumed by the mobile off-road fluid power sector is estimated as 0.36 -1.8 quads per year.
Information gathered from interviews with industry and academia concluded that most of the inefficiencies of mobile fluid power systems typically result from throttling losses necessary in traditional mobile fluid power system architectures. The off-road transportation sector must meet engine-output based criteria emissions regulations, but there are no regulating actions requiring OEMs to invest in new architecture development to improve the fuel efficiency of mobile offroad fluid power systems. The diversity of the market and end uses of the equipment also complicate the development and implementation of standardized testing to quantify system performance and measure efficiencies. Mobile off-road fluid power systems in the construction and agriculture segments are estimated to be approximately 30% efficient on average (including engine efficiency), but efficiency varies significantly between individual equipment types and duty cycles. Development costs to improve efficiency of mobile off-road fluid power systems challenge OEMs if they cannot apply the technologies across multiple platforms, with larger production volumes. In addition, customer adoption challenges include low equipment purchase or lease price concerns, payback periods of less than two years, and demonstration of reliability and durability for new architectures. Common equipment, such as excavators and wheel loaders, merit efficiency improvement investments as they consume a large amount of fuel, have high hours of operation, and have a large market volume. However, the current economics, low market volumes of specific equipment types, and current regulation compliance challenge OEM investment for new architecture research, development, and commercialization. 
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